In Arabidopsis thaliana, biosynthesis of the essential thiol antioxidant, glutathione (GSH), is plastid-regulated, but many GSH functions, including heavy metal detoxification and plant defense activation, depend on cytosolic GSH. This finding suggests that plastid and cytosol thiol pools are closely integrated and we show that in Arabidopsis this integration requires a family of three plastid thiol transporters homologous to the Plasmodium falciparum chloroquine-resistance transporter, PfCRT. Arabidopsis mutants lacking these transporters are heavy metal-sensitive, GSH-deficient, and hypersensitive to Phytophthora infection, confirming a direct requirement for correct GSH homeostasis in defense responses. Compartment-specific measurements of the glutathione redox potential using redox-sensitive GFP showed that knockout of the entire transporter family resulted in a more oxidized glutathione redox potential in the cytosol, but not in the plastids, indicating the GSH-deficient phenotype is restricted to the cytosolic compartment. Expression of the transporters in Xenopus oocytes confirmed that each can mediate GSH uptake. We conclude that these transporters play a significant role in regulating GSH levels and the redox potential of the cytosol.
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Arabidopsis | malaria | antioxidant | immune response T he potentially damaging end-products of aerobic energy metabolism, reactive oxygen species (ROS), are powerful signaling components linking growth, metabolism, and defense responses in cells (1) (2) (3) (4) . In plant cells, a complex antioxidant network with glutathione (GSH) at its center has evolved to buffer ROS. Because both the levels and oxidation state of GSH are directly influenced by ROS, GSH is a key redox-signaling component (5) (6) (7) (8) (9) (10) .
GSH is synthesized in two steps (11) catalyzed by the ratelimiting glutamate-cysteine ligase (GSH1; EC 6.3.2.2) and glutathione synthase (GSH2; EC 6.3.2.3). In Arabidopsis, GSH1 is exclusively targeted to the plastid, while GSH2 is targeted to both plastid and cytosol (12) . Consequently, the pathway intermediate, γ-glutamylcysteine (γ-EC), must be exported from the plastid to allow for cytosolic GSH biosynthesis. This finding was recently confirmed by the observation that inviable gsh2 mutants can be fully complemented by expression of functional GSH2 only in the cytosol (13) , suggesting that thiol transport between compartments is essential for maintaining both GSH levels and redox-based signaling pathways, although no plastid thiol transporters have yet been identified (13) (14) (15) (16) (17) .
Results

Identification of Mutants Resistant to a GSH Biosynthesis Inhibitor.
To gain insights into GSH homeostasis, we sought to identify mutants with altered GSH-dependent responses. We designed a genetic screen based on the observation that WT plants, grown in the presence of an inhibitor of GSH1, L-buthionine-SR-sulfoximine (BSO), phenocopy the severely GSH-deficient GSH1 mutant, rootmeristemless1 (rml1), which lacks meristematic activity in the root (18) (Fig. 1A) . By selecting BSO-resistant mutants, we identified two alleles of locus At5g19380, encoding a predicted membrane transport protein ( Fig. 1A and Table S1 ).
We identified the malaria parasite CHLOROQUINE-RESISTANCE TRANSPORTER (PfCRT) as a homolog and consequently designated the BSO-resistance locus CRT-LIKE TRANSPORTER1 (CLT1) (Fig. 1B) . Our homology search also revealed two related genes in Arabidopsis, At4g24460 (CLT2) and At5g12160/12170 (CLT3) (SI Materials and Methods) as well as homologs from higher plants, the moss, Physcomitrella patens, the alga, Chlamydomonas reinhardtii, the slime mold, Dictyostelium discoideum, and parasitic protozoans, such as Cryptosporidium parvum (Fig. S2 ). Of these, only PfCRT has been studied (19) and, although its function is unknown, it has been suggested that it may transport amino acids and small peptides (20) .
To investigate CLT gene family function in Arabidopsis, we identified mutants in both CLT2 and CLT3 (Fig. 1B and Fig. S3 ). No WT transcript was detected in the clt1-1, clt2-1, and clt3-2 mutants, and full-length CLT3 transcript was decreased at least 10-fold in the clt3-1 mutant (Fig. S3) . The alleles clt1-1, clt2-1, and clt3-1 are hereafter referred to as clt1, clt2, and clt3 and were used in all mutant combinations, unless otherwise stated. Under routine growth conditions, none of the clt mutants or mutant combinations exhibited different growth to WT (Fig S1) . Among the single mutants, only clt1 exhibited increased resistance to 0.8-mM BSO ( Fig. 1 A and C) ; however, in the presence of 1.2-mM BSO, only the clt1clt3 and clt1clt2clt3 mutants exhibited resistance (Fig. 1C) . Thus, loss of CLT1 confers resistance to BSO, which is enhanced by loss of CLT3.
clt Mutants Are Sensitive to Cd 2+ and Have Decreased GSH. To investigate whether clt mutations affect GSH homeostasis, we tested the mutants for sensitivity to Cd 2+ , which correlates with GSH availability (21) . These experiments included all mutant combinations made with both clt3 alleles. In the absence of Cd, all lines grew to the same extent (Fig. S1 ). Plants were grown in the presence of two concentrations of Cd 2+ (1.8 and 3.0 μM) on which WT plants show no inhibition of growth ( Fig. 2A) . The single clt mutants showed no sensitivity to Cd 2+ , while among the multiple mutant combinations, only clt1clt3 and clt1clt2clt3 showed increased Cd 2+ -sensitivity, similar to the partially GSH-deficient biosynthetic mutant, cad2 (21) In the presence of 0.8 μM Cd 2+ , clt1clt3-2 was more sensitive than clt1clt3-1, consistent with the residual expression observed for the clt3-1 allele, and the clt1clt2clt3-1 triple mutant was more sensitive than clt1clt3-1, indicating that clt2 can also have an effect on Cd 2+ sensitivity, although no apparent effect was observed in double mutant combinations including clt2.
GSH levels in roots of clt1clt3 and clt1clt2clt3, but not the clt1 and clt3 single mutants, were decreased about fourfold compared to the WT (Fig. 2B) . In situ labeling of cytosolic GSH in clt1clt2clt3 Error bars represent SEM; *, a significant difference from the WT; P < 0.05 (Student's t test, n = 10). (B and C) GSH levels in roots (B) and shoots (C) of WT and cad2 and clt mutants. Error bars represent SEM; *, significant differences from the WT, P < 0.05 (Student's t test, n = 3). (D) Cytosolic GSH levels, detected by conjugation with monochlorobimane (MCB) (green), are decreased in rml1, cad2, and clt1clt2clt3 root cells.
root cells with monochlorobimane (MCB) (9, 22) (see Materials and Methods) further corroborated these results, suggesting that cytosolic GSH is decreased (Fig. 2D) . The combined effect of the clt1 and clt3 mutations suggests CLT1 and CLT3 exhibit some functional redundancy in maintaining the root GSH pool, whereas loss of CLT2 makes a lesser contribution to the mutant phenotype. Mean levels of GSH in shoots of clt1clt3 and clt1clt2clt3 mutants were less than in the WT, but in most lines were not significantly different (Fig. 2C) .
CLTs Are Plastid-Localized and Cytosolic GSH Levels Are Decreased in clt Mutants. The Arabidopsis Information Resource predicts that each of the CLTs has a plastid target signal peptide, and we confirmed this localization by expressing all three CLTs as GFP fusions (Fig. 3) . This localization, along with the decrease in cytosolic GSH observed in root cells using MCB, indicated that GSH partitioning between plastid and cytosol may be influenced by the CLTs. To investigate this we sought to measure differences in the plastid and cytosol GSH pools, particularly in leaves, between the WT and clt triple mutant.
Although MCB preferentially labels GSH, the interpretation of images is complicated by vacuolar sequestration of GSH-bimane conjugates (22, 23) . In addition, leaf cells can be difficult to load with the dye because of limited permeability of the leaf cuticle and the need for vacuum infiltration of leaf fragments. To overcome these limitations and to identify changes in the relative levels of cytosolic and chloroplastic GSH, we used the recently-described redox-sensitive GFP (roGFP2), which can be targeted to discrete subcellular compartments to report the local glutathione redox potential, E GSH (9, 24) . The redox potential of glutathione is dependent on both the degree of oxidation and the total concentration of glutathione (9, 10) . Using this technique, decreases in cellular GSH, caused either genetically in cad2 mutants or chemically with BSO inhibition of GSH1, were measured with accuracy (9) . WT and clt1clt2clt3 plants have equivalent GSH/ GSSG ratios (Fig. 4A) . Thus, assuming unchanged glutathione reductase activity in chloroplasts and cytosol with a very low degree of GSH oxidation (10), it was expected that different roGFP2 fluorescence ratios in plastids and cytosol of clt triple mutants compared to the WT would be indicative of altered glutathione levels.
Chloroplasts and cytosolic compartments of leaf epidermal cells from WT and clt1clt2clt3 plants expressing either chloroplast-or cytosol-targeted roGFP2 were analyzed (Fig. 4B and Fig. S4 ). In chloroplasts of the WT and cltl1clt2clt3 triple mutant, the roGFP2 fluorescence ratio was 0.58 ± SD 0.09 and 0.59 ± SD 0.10, respectively, indicating the GFP was almost completely reduced. In contrast, the fluorescence ratio of roGFP2 expressed in the cytosol of the clt1clt2clt3 triple mutant (0.82 ± SD 0.11) was significantly higher than in the WT (0.62 ± SD 0.07), corresponding to a glutathione redox potential in the clt mutant cytosol that is about 20 mV less reducing than in the WT (Fig. 4B) . Because the oxidation state of glutathione is unchanged, this finding suggests a lower glutathione level in the cytosol-but not in the plastid-of the mutant under steady-state conditions. These data support the hypothesis that the CLTs influence GSH distribution within the cell from the site of synthesis in the plastid to the cytosol. The absence of a significant difference in total GSH levels in the shoots of the clt1clt2clt3 mutant (Fig. 2C) , unlike in the roots, may be a result of differences in the relative contributions of the plastid and cytosolic GSH pools to total GSH in the two tissues. clt Mutants Have Altered Systemic Acquired Resistance Response and Are Sensitive to Phytophthora Infection. Cytosolic GSH is thought to be a key component of systemic acquired resistance (SAR) by allowing reduction of the NPR1 protein, thereby permitting its translocation to the nucleus where it activates expression of the PR genes (5, 25) . Because the roGFP2 data from leaves revealed decreased cytosolic GSH availability, consistent with the decreased cytosolic thiol staining by MCB in roots of clt1clt2clt3, we hypothesized that this mutant may have an impaired signaling mechanism for SAR and, hence, have a dampened immune response. Leaves of clt1clt2clt3, cad2 and WT plants were treated with the SAR inducer, salicylic acid, and assayed for leaf expression of PR1. After a 24 h induction, PR1 transcript levels were approximately fivefold less in the cad2 mutant than in the WT, and were not detected in clt1clt2clt3 (Table S2 ). This finding confirms that clt1clt2clt3 is unable to properly activate an NPR1-mediated systemic immunity response (25) , consistent with a significant decrease in cytosolic GSH levels.
To assess the biological significance of CLTs in facilitating defense signaling, the sensitivity of clt1clt2clt3 and cad2 to infection by Phytophthora brassicae was determined (Fig. 5A) . Both clt1clt2clt3 and cad2 were unable to contain the infection, whereas WT plants were resistant. In infected leaves of clt1clt2clt3 and cad2 plants, PR1 expression was ≈10-fold and 5-fold less, respectively, than in the WT (Fig. 5B) , consistent with the effect observed after salicylic acid treatment. This extends observations from GSH biosynthetic mutants by demonstrating the importance of cytosolic rather than total GSH levels for proper activation of defense responses, and suggests that GSH is likely to be acting as a signaling component rather than as a ROS scavenger (25, 26) .
CLTs Facilitate Thiol Transport into Xenopus Oocytes. To directly test the function of the CLTs in transporting thiols, we performed two different experiments using Xenopus oocytes expressing different CLTs. In the first experiment, Xenopus oocytes expressing CLT1 and control oocytes were preincubated with GSH or γ-EC (see Materials and Methods). Following subsequent incubation in buffer alone for 16 h, both the oocytes and incubation medium were assayed for the uptake and subsequent efflux, respectively, of thiols ( Fig. 6 A and B) . These data show that when oocytes expressing CLT1 were exposed to either GSH or γ-EC, a subsequent three-to fourfold increase in intracellular GSH content was observed. However, no change was observed in γ-EC levels in either the oocytes or the efflux medium, and cysteine levels were not changed (Figs. S5 and S6 ). The increase in intracellular GSH but not γ-EC levels after γ-EC treatment is probably caused by the rapid conversion of γ-EC to GSH during the assay period (Fig. 6A) .
Although significant accumulation of GSH was observed in oocytes expressing CLT1 after preincubation with thiols, the long time-period of the assay complicated the interpretation of this result. Therefore, Xenopus oocytes expressing either CLT1, CLT2, or CLT3 and control oocytes were incubated with radiolabeled GSH ([ 3 H]-GSH) and assayed for [ 3 H]-GSH uptake after 40 min (see Materials and Methods). These data show that oocytes expressing either CLT1, CLT2, or CLT3 accumulated labeled GSH to levels significantly higher than controls (Fig. 6C) . We conclude that expression of CLT proteins allows net transport of GSH into oocytes.
Discussion
In Arabidopsis, the GSH precursor, γ-EC, is exclusively made in the plastid where GSH biosynthesis is regulated. Recently, the crystal structure of a plant GSH1 has been resolved and a redoxsensitive mechanism was found to regulate enzymatic activity (27, 28) . In this way plastid thiol levels directly regulate GSH1. The plastid thiol pool is also influenced by efflux transport, as some γ-EC must be transported to the cytosol where it is used by cytosolic GSH2 (13) . GSH synthesized in the plastid may also be directly transported to the cytosol. Our data indicate that the CLT transporters are essential for the transport of thiols from the plastid: clt1clt2clt3 (and clt1clt3) mutants are clearly GSHdeficient in roots and are Cd-sensitive. Only the clt1 single mutant was resistant to BSO and clt1clt3 double mutants show increased BSO resistance. One possibility is that CLT1 and CLT3 transport BSO into the plastid, where it inhibits GSH1, and loss of function of both confers a high level of BSO resistance. In leaves, although total GSH levels are generally not significantly decreased in clt mutants, experiments using redoxsensitive roGFP2 indicate that the glutathione redox potential is decreased in the cytosol, but not the plastids, consistent with a decrease in cytosolic GSH levels. This finding is also consistent with the significant decrease in PR1 induction in leaves and the sensitivity of leaves to pathogen infection. Loss of function of CLT2, although apparently expressed in the same tissues as CLT1 and CLT3 at similar levels, had little effect on the phenotypes tested. Thiol accumulation in Xenopus oocytes indicated transport of either γ-EC (assuming γ-EC is rapidly converted to GSH in the oocyte) or GSH may be facilitated by expression of CLT1, and short-term uptake experiments confirmed that all three CLTs could facilitate uptake of labeled GSH into Xenopus oocytes. Thus, we propose that the CLTs play a significant role in thiol transport from the plastid (Fig. 7) .
GSH is an important cellular signaling compound (6, 7) and recent evidence suggests that the plastid is a key site of redox signaling reporting on environmental conditions and transducing signals to the nucleus (29) . For example, the plastid-localized proteins EXECUTER1 and EXECUTER2 facilitate singlet oxygen signaling from the plastid to the nucleus that regulates stressresponsive gene transcription (2, 30) . Similarly, f-type thioredoxins are reversibly glutathionylated within the plastid, a process that is responsive to light and presumed to be a regulator of the Calvin cycle (8) . Here we have shown that the movement of plastid thiols by CLTs influences the levels of cytosolic GSH and, hence, the redox potential of the cytosol, which subsequently influences GSH-dependent signaling pathways (Fig. 7) . The failure of clt1clt2clt3 to activate defense responses in leaves, despite total GSH levels similar to WT (Fig. 2C) , highlights the importance of this aspect of GSH homeostasis and emphasizes the role of the CLTs in connecting the plastid and cytosolic thiol pools. This indicates that the clt mutants, which have affected subcellular GSH levels, will be a useful tool to probe redoxdependent plastid-nucleus signaling mechanisms.
The conservation of CLTs in various genomes suggests an ancient ancestry (Fig. S2) . The identification of the malaria parasite PfCRT as a CLT homolog supports this theory, because it contains a relic plastid derived from an early endosymbiotic event with a cyanobacterium (31, 32) . Interestingly, both clt mutants and chloroquine-resistant plasmodia carrying PfCRT mutations have altered GSH homeostasis (33) . This observation, combined with the shared evolution of these proteins, suggests a level of functional conservation between CLTs and PfCRT. Hence, the identification of CLT function may provide for previously unexplored directions in PfCRT functional analysis.
Materials and Methods
See SI Materials and Methods for biological material, gene expression, and genetic analysis.
Phenotypic Analysis. L-buthionine-SR-sulfoximine (BSO) and Cd 2+ sensitivity was measured by growing plants on agar medium containing added BSO or Cd
2+
, respectively, and measuring shoot FW after 14 d. Glutathione assays were as described (34), using 6.67% sulfosalicylic acid for acid extraction of thiols in the recycling assay.
Microscopy. Confocal microscopy was performed on a Zeiss LSM510META microscope. Localization studies used transient expression in Arabidopsis cells and GFP was detected as described previously (9) . In situ detection of low molecular weight thiols in WT, rml1, cad2, and clt1clt2clt3 using MCB was performed by incubating roots in 100-μM MCB and 50-μM propidium iodide for 25 min (23, 35) . For in situ imaging of E GSH , roGFP2 was expressed separately in the cytosol and chloroplasts, as reported previously (9, 36) . Ratiometric imaging was done as described (9) .
Uptake/Efflux and Transport Assays. For the thiol accumulation assays, cDNAs of CLT1, CLT2, and CLT3, without the predicted chloroplast signal-peptide coding regions, and AtNRT1A (an unrelated nitrate transporter protein) were cloned into the pT7TS vector for cRNA synthesis (37) . All cRNA was prepared using the mMESSAGEmMACHINE (Ambion) technology. For the uptake/efflux assays, individual Xenopus oocytes were injected with CLT1 or AtNRT1A cRNA. Two days posttransfection, pairs of oocytes were bathed in either 1 mL of saline buffer or buffer containing 1 mM reduced γ-EC or GSH for 4 h. The oocytes were washed five times with 1 mL of saline and left for a further 16 h in 250-μL saline solution. The oocytes and surrounding efflux medium were taken separately and assayed for thiol content using HPLC (34) .
For the GSH transport assays, Xenopus oocytes were injected with CLT cRNA (0.5 μg/μl) alongside control oocytes injected with water (38) . Three to four days posttransfection, groups of 10 oocytes were incubated in modified Barth's buffer containing [ . CLT1 transports thiols in Xenopus oocytes. Oocytes expressing an unrelated nitrate transporter, AtNRT1, as control (Con; black bars) or CLT1 (gray bars) were incubated with either 1-mM GSH (+GSH) or 1-mM γ-EC (+EC) and then in buffer alone (see Materials and Methods). GSH was measured in oocytes (A) and in the efflux buffer (B). Error bars represent SEM; *, significant difference between Con and CLT1, P < 0.05, n ≥ 40 (Student's t-test). No changes in cysteine or γ-EC levels were observed after exposure to either GSH or γ-EC (Fig.  S6) . (C) The uptake of [ 3 H]-GSH by embryos expressing CLT1, CLT2, and CLT3, compared with H 2 O-injected controls, was measured after 40 min incubation (see Materials and Methods). Error bars represent SEM; all CLTs exhibited significant differences from the control, P < 0.001, n ≥ 23 (Student's t-test). SAR Induction and Pathogen Response. Salicylic acid induction was performed using concentrations and techniques similar to those described previously (25) . Total RNA was extracted from leaf tissue 24 h postinduction and assayed for PR1 expression using real-time RT-PCR (Table S2) . Infection with Phytophthora brassicae isolate D (CBS179.89) used 2-mm diameter agar plugs cut out from growing mycelia as described (40) . Infected plants were maintained under high humidity to allow for optimal fungal growth. Leaves were harvested 3 d postinfection for RNA extraction.
